Metformin is widely regarded as the standard first-line antidiabetic agent, in terms of efficacy and safety profiles. However, in most patients with type II diabetes mellitus (T2DM), it was found that metformin alone is not enough to adequately control hyperglycemia. Thus, we designed this study with the aim to investigate the effect of sodium selenate, a protein tyrosine phosphatase (PTP) inhibitor, individually and as an adjunct to metformin, on a rat model that simulates the metabolic characteristics of human T2DM. T2DM model was achieved by feeding the rats with high-fat, high-fructose diet (HFFD) for 8 weeks followed by a low dose of streptozotocin (STZ) (35 mg/kg/day, i.p.). Changes in serum glucose, insulin, adiponectin, homeostasis model assessment of insulin resistance (HOMA-IR) index, and the lipid profile were assessed. In addition, the level of reduced glutathione (GSH) and the activity of PTP were determined in the liver. Results showed that the addition of sodium selenate to metformin was able to restore hepatic GSH back to normal levels. Also, this combination therapy corrected the altered serum total cholesterol (TC), triglycerides (TG), and adiponectin levels. In conclusion, additive therapeutic effect was recorded when sodium selenate was used as an adjunct to metformin.
Introduction
It is estimated that diabetes mellitus (DM) accounts approximately for 6.8% of all deaths worldwide [1] . Egypt is expected to be ranked among the world's top 10 in terms of the highest number of people with DM in 2030 (8.6 million), which is much higher than the previous estimates in 2010 (4.7 million) [2] . However, these projections calculated by experts are probably underestimated as they are based only on the expected demographic evolution and do not take into account the evolution of obesity in the near decades.
The central etiological factor in the development of type II diabetes mellitus (T2DM) is the resistance of fat, muscle, and liver to insulin [3] . However, high flux of fructose to the liver was found to disturb glucose uptake pathways and enhance the rate of de novo lipogenesis and triglycerides (TG) synthesis [4] . Taking into consideration that a modern western diet not only contains high level of fructose but is also rich in both fat and cholesterol, synergistic interactions among these nutrients can occur leading to a greater degree of insulin resistance and dyslipidemia.
The biguanide metformin is widely regarded as the standard first-line anti-diabetic agent, in terms of efficacy and safety profiles. This antidiabetic effect owes to metformin's ability to suppress hepatic glucose production [5] , enhance peripheral glucose uptake [6] , and improve peripheral insulin sensitivity [7] . However, hyperglycemia usually becomes poorly controlled by time, implying the need of an adjunct therapy.
As an attempt to introduce a novel combination, the promising sodium selenate was our focused objective in this study. It was shown long time ago that sodium selenate was effective in reducing plasma glucose level; however, the mechanism of action of sodium selenate was not fully understood at that time [8] . In 1996, Becker and his associates proved the efficacy of sodium selenate in enhancing glucose homeostasis and partly reversing the expression of liver glycolytic and gluconeogenic enzymes in diabetic rats [9] . Recently, many studies have focused particularly on the cytoplasmic phosphatase PTP1B as an important antagonist or negative regulator of insulin signaling owing to its ability to dephosphorylate the insulin receptor substrates (IRSs) 1 and 2 as well as the intracellular subunit of the insulin receptor [10] . Interestingly; it was found that supranutritional sodium selenate doses can influence PTPs, involved in insulin-resistant DM, which in turn can be assumed as being responsible for the changes in intermediary metabolism such as gluconeogenesis and lipid metabolism [11] .
However, the effect of sodium selenate on insulin resistance needs more attention which has tempted us to evaluate the possible increased efficacy of metformin after its concurrent administration with sodium selenate for 5 weeks, on a rat model that simulates the natural pathway and metabolic characteristics of human T2DM. This was assessed by detecting the changes in interrupted glucose metabolism via estimation of serum glucose, insulin, the adipocytokine "adiponectin, " homeostasis model assessment of insulin resistance (HOMA-IR) index, and lipid profile. In addition, the level of reduced glutathione (GSH) and the activity of PTP were determined in the liver.
Materials and Methods

Drugs and Chemicals.
Sodium selenate, streptozotocin (STZ), and standard GSH were purchased from SigmaAldrich Chemical Company, USA. The feeding ingredients, such as casein, lard, and cellulose, were obtained from commercial sources and were of analytical grades. Fructose was purchased from Safety Misr Co., Egypt. Metformin hydrochloride (Glucophage) was purchased from Merck, USA.
2.2.
Animals. Adult male Wistar rats weighing 100-120 g (National Research Center Laboratory, Cairo, Egypt) were housed in the animal facility of Faculty of Pharmacy, Misr International University, in standard polypropylene cages (four rats per cage). Prior to the dietary manipulation, they were fed normal pellet diet (NPD) (EL-Nasr Chemical Co., Cairo, Egypt) and permitted a free access to tap water. Rats were kept under standard conditions of temperature (22 ± 2 ∘ C) and relative humidity (55 ± 5%) with 12-light/12-dark cycles. Experimental design and animal handling were according to the guidelines of the Ethical Committee of the Faculty of Pharmacy, Ain Shams University, for Animal Use.
Dietary Model of Insulin Resistant Hyperglycemia (T2DM).
Sixty rats were divided into two dietary regimen groups that lasted for a period of 8 weeks. Twelve rats were fed NPD (3.15 kcal/g; fat (5%), protein (21%), carbohydrate as starch (60%), fibers (3%) and vitamins and minerals (1%)) and this group served as normal control. Forty-eight rats were placed on a special high-fat, high-fructose diet (HFFD) to induce insulin resistance; the formula was obtained from Harlan laboratories (Teklad Diet TD.03293) (4.1 kcal/g; fructose (60%), lard (10%), casein (20.7%), cellulose (4.2%), mineral mix (3.5%), vitamin mix (1%), calcium carbonate (0.3%) and DL-methionine (0.3%)). Afterwards, hyperglycemia and overt diabetes were induced by an intraperitoneal (i.p.) injection of a single subdiabetogenic dose of freshly prepared STZ (35 mg/kg) [12] in citrate buffer (0.09 M, pH 4.8) after an overnight fasting. Normal control rats received i.p. citrate buffer only.
To overcome the hypoglycemia which follows STZ, during the first 24 hours after their injection; diabetic rats were given 5% glucose solution to drink instead of tap water. Animals were monitored by periodic estimation of body weight and biochemical testing for fasting serum glucose. Only animals with persistent blood glucose levels higher than 200 mg/dL for 7 days after STZ administration were considered diabetic/insulin resistant (DIR) and were continued to be used in the study and started to receive treatment.
Groups under Investigation.
One week after the STZ injection, rats that fulfilled the aforementioned criteria were randomly divided into 5 different groups, each of 12 rats as follows: Group 1 served as normal control rats, was fed NPD (3.15 kcal/g), and received single dose of citrate buffer (0.09 M, pH 4.8) alone i.p. Group 2 served as DIR rats. Group 3 served as DIR rats that received metformin (250 mg/kg/day; p.o.) dissolved in water [13] . Group 4 served as DIR rats that received sodium selenate (1.89 mg/kg/day; i.p.) dissolved in water [14, 15] . Group 5 served as DIR rats that received metformin (250 mg/kg/day; p.o.) plus sodium selenate (1.89 mg/kg/day; i.p.).
Groups 3, 4, and 5 continued the treatment for 5 weeks while being maintained on the same HFFD. The last dose of any treatment was given 24 hours before sacrificing the rats which fasted 14 hours before the time of sacrifice and blood samples were withdrawn, to minimize feeding-induced variations in lipid pattern and to measure fasting blood glucose level.
Oral Glucose Tolerance Test (OGTT).
All groups were subject to an oral glucose tolerance test (OGTT) after 8 hours of fasting, during which animals were given an oral dose of aqueous glucose solution (2 g/kg) using oral gavage and blood samples were withdrawn at 0, 15, 30, 60, 90, and 120 minutes to evaluate the resulting glucose concentrations. Glucose was measured using Accucheck Compact (Roche Diagnostics, Almere, Netherlands). 
Serum glucose was determined colorimetrically according to the glucose oxidase/peroxidase method [17] , using a Stanbio Laboratories kit, USA. Sandwich type immunoassay technique was adopted to determine insulin content using an ELISA kit obtained from ALPCO Diagnostics, USA [18] .
The HOMA-IR index was calculated according to the following equation [19] :
Serum TC was determined enzymatically according to the cholesterol oxidase/4-aminophenazone method [20] , using a Stanbio Laboratories kit, USA. Serum TG was determined according to the glucose oxidase/glycerylphosphate oxidase method [21] , using a Stanbio Laboratories kit, USA. Serum FFA was determined colorimetrically according to the method of enzymatic conversion to acetyl-CoA and subsequently to H 2 O 2 [22] , using a kit obtained from BioAssay Systems, USA.
The adipocytokine, adiponectin, was measured using enzyme-linked immunosorbent assay (ELISA) kit obtained from Chemicon International, USA, which employs the quantitative two-step sandwich enzyme immunoassay technique [23] .
Preparation of Liver Tissue Homogenate.
Immediately after sacrificing the rats, dissection was done for isolation of the liver. Liver tissues (0.5 g) were excised and washed twice with phosphate buffered saline, dried between two filter papers, then homogenized in 5 mL phosphate buffered saline (10% w/v) using glass-Teflon Potter-Elvejhem device, divided into aliquots, and frozen at −70 ∘ C until assayed. For PTP assay; the concentration was calculated per mg protein where the protein content in each aliquot was assayed using Folin phenol reagent [24] .
Liver content of GSH was determined depending on the fact that both protein and nonprotein SH-groups react with Ellman's reagent [5,5 -dithiobis-2-nitrobenzoic acid] (DTNB) to form a stable yellow color of 2-Nitro-5-thiobenzoic acid, which can be measured colorimetrically [25] .
Activity of hepatic PTP was determined using PTP ELISA assay kit obtained from Sigma, USA, according to a method based on the in vitro colorimetric determination of protein tyrosine phosphatase (PTP) activity [26] . 
Statistical Analysis.
Results are expressed as means ± SEM of 8 animals, and differences between groups were tested for significance using analysis of variance (ANOVA), followed by LSD post hoc test. The level of statistical significance was taken at < 0.05, < 0.01, and < 0.001. Statistical analysis of the experimental data was performed using the statistical package SPSS for Windows (version 13.0, USA) and the GraphPad Prism (version 5, Graphpad software Inc., USA). CalcuSyn (Version 2.0, USA) was used as the definitive analyzer of combined drug effects.
Results
The OGTT performed showed significant elevation in the glucose level in the DIR rats after oral administration of glucose (2 mg/kg, p.o), an effect that leveled off significantly after treatment with each of metformin, sodium selenite, and their combination (Figure 1) .
Data of OGTT was reflected on the glucose area AUC (Figure 2) , showing a 4.5-fold increase in the DIR group compared to the control group, an effect that was significantly decreased in sodium selenate (DIR + Sel) (70%), metformin (DIR + Met) (71%), and metformin plus sodium selenate (DIR + Met + Sel) (71.5%) treated groups. The DIR rats showed a 31% decline in their body weight, 3.7-fold increase in their fasting serum glucose, and 4-folds increase in HOMA-IR index, while serum insulin level showed 11% significant increase compared to the control group (Table 1) . Metformin monotherapy showed significant increase in body weight compared to DIR rats ( < 0.001) and a significant decrease when compared to normal rats ( < 0.01). Sodium selenate monotherapy showed significant decline in body weight compared to the normal control rats ( < 0.001). As for the combination therapy of metformin and sodium selenate, it showed significant reduction in the body weight compared to metformin monotherapy ( < 0.01) and to normal control rats ( < 0.001).
Metformin monotherapy and the combination of metformin and sodium selenate were able to normalize the serum glucose at < 0.01, while the sodium selenate monotherapy was able to normalize the serum glucose at < 0.001. The metformin and sodium selenate combination treatment showed significant decrease in insulin and HOMA-IR index compared to the monotherapy with sodium selenate. However, this combination treatment showed significant increase in insulin level compared to monotherapy with metformin.
Results in Table 2 revealed a significant increase in serum level of TC (1.6 times), TG (2.5-folds), and FFA (1.8 times) in the DIR group compared to the control group. All treatments were able to normalize the serum TC level at < 0.05. Monotherapy with metformin and sodium selenate reduced serum TC level by 38%. However, the combination of metformin and sodium selenate reduced serum TC level by 37%, when compared to the DIR group.
As for serum TG, monotherapy with metformin and sodium selenate reduced its level compared to the DIR group by 43% and 51%, respectively, whereas, metformin and sodium selenate combined treatment reduced the serum TG level by 52%. This combination treatment was capable of restoring serum TG to normal level ( < 0.05), showing significant difference from metformin monotherapy ( < 0.05). However, the sodium selenate monotherapy was able to normalize serum TG level at < 0.001.
Monotherapy with metformin and sodium selenate reduced serum FFA level by 34% and 38%, respectively, whereas, metformin and sodium selenate combination treatment reduced the serum FFA level by 40%, which was the only treatment that was able to normalize the serum FFA level. Interestingly, this combination treatment also showed significant reduction in serum FFA level compared to the group receiving metformin only ( < 0.001).
As shown in Table 3 , the HFFD/STZ exerted significant decline in the serum adiponectin level and the hepatic GSH content in the DIR group by 64% and 75%, respectively, whereas, hepatic PTP activity was significantly increased by 80% compared to the control group. All treatments failed to normalize the serum adiponectin level, showing no significant difference with the DIR group.
Metformin and sodium selenate monotherapy produced 3.4-and 3.5-folds increase in hepatic GSH, respectively, compared to the DIR group, where each of these 2 drugs managed to normalize the hepatic GSH at < 0.01. However, the combination treatment of metformin and sodium selenate produced 3.7-folds increase in hepatic GSH compared to the DIR group, where this treatment was able to normalize the hepatic GSH level at < 0.05.
Monotherapy with metformin and sodium selenate showed significant decrease in hepatic PTP activity by 14% and 39%, respectively, while the combination of both drugs showed a 39.5% significant decrease, compared to the DIR group. Treatment with sodium selenate, as single or combined therapy with metformin, was found to restore the hepatic PTP activity back to normal levels ( < 0.01). It was also noticed that this combination treatment showed significant reduction in the hepatic PTP activity compared to metformin monotherapy ( < 0.001).
Data in Table 4 shows the correlational analysis of glucose, HOMA-IR index, adiponectin, GSH, and PTP. Thus, HOMA-IR index is found to be positively correlated with serum glucose level (0.902, < 0.01). As for hepatic GSH content, it is negatively correlated with serum glucose level (−0.843, < 0.01) and HOMA-IR index (−0.717, < 0.01) but positively correlated with serum adiponectin level (0.434, < 0.01). Moreover, serum adiponectin level shows negative correlation with serum glucose level (−0.463, < 0.01) and HOMA-IR index (−0.585, < 0.01). As for hepatic PTP activity, it showed positive correlation with serum glucose level (0.702, < 0.01) and HOMA-IR index (0.538, < 0.01), while it showed negative correlation with serum adiponectin level (−0.515, < 0.01) and hepatic GSH content (−0.756, < 0.01).
Discussion
The simulation of T2DM was achieved by combining the feeding of HFFD, which produced insulin resistance, with BioMed Research International a low dose of STZ treatment that caused the initial -cell dysfunction and subsequently the frank hyperglycemia and mild hyperinsulinemia. These findings were associated with significant increase in HOMA-IR index, serum FFA, and hepatic PTP together with hypercholesterolemia and hypertriglyceridemia. On the other hand, remarkable reduction in serum adiponectin and hepatic GSH was observed, which supports the finding that oxidative stress in diabetes coexists with a decrease in antioxidant capacity such as GSH leading to an increase in the harmful effects of free radicals [27] . The hypoglycemic effect of metformin was shown in a recent study [28] , which was further illustrated by OGTT done in another study [29] , showing that plasma glucose excursion after oral glucose loading was significantly improved, and that glucose AUC was significantly decreased owing to extrapancreatic mechanisms such as the inhibition of hepatic glucose output in the liver and glucose absorption in the gut as well as enhancing peripheral glucose disposal. Confirming the current results, a recent study revealed a significant improvement in HOMA-IR index by metformin treatment indicating decreased insulin resistance [30] . Metformin produced significant elevation in insulin level which was supported by other studies [28, 31] . However, activation of adenosine-monophosphate activated protein kinase (AMPK) by metformin was proposed to be responsible for the markedly reduced glucose-stimulated insulin release from primary pancreatic islets [32] and -cell lines [33] . Thus, contradictory to our results, another study showed significant decrease in plasma insulin level after treatment with metformin [34] ; this can be attributed to the different diet used to induce diabetes where hypercaloric diet was used leading to hyperinsulinemia in the diabetic rats. In addition, the study carried out by Ong and his group showed no significant change in serum insulin levels [35] , which is probably caused by the large dose of STZ employed (65 mg/kg) leading to this severe decline in insulin levels and the unresponsiveness towards the large dose of metformin given (500 mg/kg). The lowering effect of metformin on the lipid profile was witnessed in other studies where metformin significantly decreased the serum level of TC, TG [31, 36] , and FFA [30, 37] . Both studies done by Matafome and his associates as well as Ong and his coworkers showed opposite results in which there was no significant change in TC and TG [30, 35] . In the former study, T2DM was induced by a special HFD only, and rats received low dose of metformin (60 mg/kg/day) for 1 month. The study done by Hu and his group showed that metformin did not produce significant reduction in FFA levels [31] , which could be attributed to the model used, where rats were fed high-fat and high-glucose chow followed by large single dose of STZ (60 mg/kg) and then treated with lower dose of metformin (200 mg/kg/day). Metformin monotherapy failed to improve the serum adiponectin level which is in agreement with the study carried out by Haddad and his group [34] . These results are different from the finding proposed by Metais and his associates, in which they postulated that metformin had a net stimulatory effect on both adiponectin receptors in muscle and a mild stimulatory action on liver AdipoR2 and white adipose tissue (WAT) AdipoR1, with an inhibitory effect on WAT AdipoR2 [38] . Other studies supported the beneficial effect of metformin on GSH level where metformin restored the GSH content in the kidney tissue in a dosedependent manner [39] , which was attributed to the ability of metformin to modulate the expression of several oxidative and proinflammatory genes at the transcriptional levels. Also, the study carried out by Behera and his group showed significant elevation in the liver, kidney and heart of diabetic rats treated with metformin [36] . On the contrary, the study done by Ong and his coworkers showed no significant change in both hepatic GSH and antioxidant enzymes in diabetic rats treated with metformin [35] . Interestingly, we recorded that metformin was able to significantly lower the level of hepatic PTP which is responsible for termination of insulin signal. This was supported by a study attributing this to a direct action, where metformin stimulated insulin signaling by increasing the tyrosine kinase activity of the -subunit of insulin receptor, and an indirect action by inhibiting endogenous tyrosine phosphatases and purified human PTP1B that dephosphorylate and inhibit the insulin receptor kinase [40] . Also, the study done by Kannappan and Anuradha showed significant reduction in the level of PTP in liver homogenate by metformin in fructose-fed rats which reflected improved insulin signaling and sensitivity and thereby promoted the cellular actions of insulin [41] .
The anti-hyperglycemic effect of sodium selenate was witnessed in a recent study, which suggested that this effect could be attributed to insulin-like actions of selenate that include stimulation of glucose uptake and regulation of metabolic processes such as glycolysis, gluconeogenesis and fatty acid synthesis [42] . A supporting evidence for the hypoglycemic effect of sodium selenate was shown in another study [43] ; which attributed this effect to the reduction in protein sulfhydryl oxidation which may result in better activity of glucose transporters [44] . The improvement of glucose tolerance after a glucose challenge is in accordance with a previous study [45] , in which diabetic mice treated with selenate showed recurrence of blood glucose concentration to the fasting level which was comparably as fast as in the initial status. Consequently, significant decline in HOMA-IR index by sodium selenate was witnessed in another study [46] , which is in accordance with our results. However, the current results are contradictive to the past results that excluded any effect for sodium selenate on insulin receptor, attributing the glucose lowering effect to the translocation of glucose transporters from the intracellular compartment to the plasma membrane [8] . As for the lipid profile, previous studies showed that supranutritional selenate led to a significant decrease in plasma levels of TC [11] and TG [11, 42] . Furthermore, it was found that sodium selenate was able to normalize TC levels [42] . This efficacy of sodium selenate on sera TC and TG could be attributed to increased lipoprotein lipase activity leading to hydrolysis of TG into FFA followed by cellular uptake of FFA released [47] . It was shown in our study that sodium selenate decreased serum FFA level. This can be explained by the finding of Mueller and Pallauf, in which the supranutritional selenate doses increased the expression of peroxisome proliferator activated receptor-gamma (PPAR ) [11] . The activation of PPAR was proven to repress the expression of genes that induce lipolysis and release of FFA, such as the 3-adrenergic receptor [48] and offensive cytokines like resistin, interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-) [49] . Further studies are needed to evaluate the effect of sodium selenate on serum adiponectin level, where our study showed no effect for sodium selenate over serum adiponectin level, although ligands that activate PPAR were proven to increase the expression of adiponectin [50] . In line with the current results, a previous study showed that administration of sodium selenate increased GSH level significantly [42] . This effect is exerted through the redox-active selenocysteine residue as an integral part of the selenoproteins glutathione peroxidases, where these selenoproteins are involved in the regulation of the antioxidative balance of tissues [51] . Supporting the current results, a previous study showed that the activity of cytosolic PTPs was reduced from 53.8% to 22.5% in the liver and skeletal muscle of selenate-treated mice [52] . Similar results were also obtained from the study of Mueller and Pallauf [11] , in which selenate treatment inhibited the activity of PTPs as important antagonists of insulin signaling by about 50%, as compared to selenium-deficient and selenite-treated animals.
In the current study we used a novel combination of metformin and sodium selenate. Serum glucose level was significantly reduced by this combination treatment illustrating additive effect; however, it could not restore glucose to normal values. This was further illustrated by the significant improvement in glucose tolerance as revealed by the OGTT response and the resulting significant decrease in glucose AUC illustrating additive effect produced by this combination. Interestingly, HOMA-IR index was significantly decreased proving the reduction of insulin resistance. At the same time, this combination treatment provided additive effect than using sodium selenate alone. As for serum insulin level, higher levels of insulin were obtained than after using metformin monotherapy, but lower values than after sodium selenate single therapy. This combination was able to successfully normalize serum TC and TG levels which were not achieved by each of these two drugs alone, illustrating the additive effect of administering these two drugs. As for serum FFA, using these two drugs together could not return it back to normal levels; however, it produced additive effect compared to metformin taken alone. Negative results were obtained involving serum adiponectin levels, where this combination treatment did not differ from using each drug alone proving that such drugs individually or in combination do not provide beneficial effect over serum adiponectin level. On the contrary, using these two drugs together provided additive effect concerning hepatic GSH which was successfully returned back to normal levels, an effect which was not achieved by single therapy of each of these two drugs. Finally, hepatic PTP levels after the combination therapy were found to be similar to sodium selenate monotherapy but significantly lower than metformin alone, illustrating the additive effect this combination produced compared to metformin monotherapy.
Conclusion
In this study we demonstrated the additive effect of sodium selenate when used as an adjunct to metformin, in reducing blood glucose level and other metabolic disturbances in T2DM rat model. Yet, further studies should be done to study the combined efficacy of sodium selenate with other antidiabetic drugs. Besides, assessment of other cytokines could serve as new indicators of antidiabetic efficacy, which may result in better and more efficient management of DM and its related complications.
